Functional telomeres are required for the replicability of cancer cells. The G-rich strand of telomeric DNA can fold into a 4-stranded structure known as the G-quadruplex (G4), whose stabilization alters telomere function limiting cancer cell growth. Therefore, the G4 ligand RHPS4 may possess antitumor activity. Here, we show that RHPS4 triggers a rapid and potent DNA damage response at telomeres in human transformed fibroblasts and melanoma cells, characterized by the formation of several telomeric foci containing phosphorylated DNA damage response factors γ-H2AX, RAD17, and 53BP1. This was dependent on DNA repair enzyme ATR, correlated with delocalization of the protective telomeric DNA-binding protein POT1, and was antagonized by overexpression of POT1 or TRF2. In mice, RHPS4 exerted its antitumor effect on xenografts of human tumor cells of different histotype by telomere injury and tumor cell apoptosis. Tumor inhibition was accompanied by a strong DNA damage response, and tumors overexpressing POT1 or TRF2 were resistant to RHPS4 treatment. These data provide evidence that RHPS4 is a telomere damage inducer and that telomere disruption selectively triggered in malignant cells results in a high therapeutic index in mice. They also define a functional link between telomere damage and antitumor activity and reveal the key role of telomere-protective factors TRF2 and POT1 in response to this anti-telomere strategy.
Introduction
Telomere maintenance is important for all dividing cells, including cancer cells. Functional telomeres are essential for genomic stability, and without mechanisms maintaining telomeres, cells activate pathways leading to cell-cycle arrest or apoptosis (1) . Indeed, when telomeres become deprotected, an ataxia telangiectasia mutateddependent (ATM-dependent) response pathway leads to phosphorylation of damage factors such as γ-H2AX, 53BP1, and the Mre11 complex and to activation of downstream kinases, resulting in a rapid growth arrest or apoptosis (2) (3) (4) (5) .
Activation of telomerase is crucial in telomere maintenance for most cancer cells (6) . In preclinical studies, some telomerase inhibitors have shown promise as effective agents for a wide variety of malignancies. However, with many but not all telomerase therapeutic approaches, senescence or apoptosis has been observed only when telomeres reach a critically short length (7, 8) . Conversely, directly targeting telomeric chromatin might have immediate and profound effects on cell proliferation. This might be achieved by antagonizing the protective mechanisms acting at telomeres.
Human telomeres consist of tandem repeats of the hexanucleotide sequence TTAGGG in double-stranded DNA, except for a terminal 3′ G-rich overhang (9, 10) . Telomeres can form a loop structure (t-loop), with the 3′ G-rich strand invading the duplex telomeric repeats (11, 12) , involved in telomere protection. The 3′ G-rich overhang can also fold into a 4-stranded DNA structure, termed G-quadruplex (G4). An unfolded 3′ overhang is required for an optimal telomerase reaction, and G4 formation has been shown to inhibit telomere elongation in vitro (13) . Several classes of G4 ligands have been designed to counteract telomerase, making these compounds attractive anticancer agents (14, 15) .
The protection of human telomeres involves telomeric repeat binding factor 2 (TRF2), a protein binding the duplex part of telomeric DNA and participating in t-loop formation. TRF2 is essential for protecting telomeres from being repaired by nonhomologous end-joining (16) and recognized as DNA damage by ATM (17) . Accordingly, TRF2-depleted telomeres appear deprotected or uncapped and can undergo end-to-end fusions and subsequent chromosome abnormalities (4, 18, 19) . Along the same line, we recently showed that, in checkpoint-compromised telomerasepositive human fibroblasts, TRF2 inhibition promotes heritable changes, associated with a burst of telomere instability, that increase the ability to grow in soft agar (20) . Strikingly, we also reported that the expression of a dominant-negative form of TRF2 in a melanoma cell line markedly inhibits its tumorigenic ability (21) , suggesting that TRF2 inhibition can also counteract some of the steps involved in tumorigenesis. Protection of telomeres 1 (POT1) is another telomere protein that binds the single-stranded telomeric DNA and other telomeric proteins (22) . In POT1-compromised cells, the 3′ overhang of telomeric DNA is reduced, and the telomeres elicited a transient DNA damage response (23) .
RHPS4 (3,11-difluoro-6,8,13 -trimethyl-8H-quino[4,3,2-kl] acridinium methosulfate) is a pentacyclic acridine that binds G4 DNA and inhibits telomerase activity at submicromolar levels (24, 25) . Long-term exposure of cells to low RHPS4 concentration causes an irreversible cessation of growth and telomere erosion, demonstrating that this compound possesses classical telomeraseinhibitory properties (24, 26) . However, when used at higher doses, RHPS4 triggers short-term apoptosis/senescence in human melanoma lines (27) . This effect does not result from telomere shortening and correlates with an increased incidence of telomere fusions (27) , suggesting that this compound is more than a simple telomerase inhibitor. In this context, our study aims at understanding the mechanism(s) by which the G4 ligand RHPS4 rapidly limits cell growth and at determining tumor sensitivity to G4 pharmacological stabilization. We found that RHPS4 rapidly disrupts telomere architecture without affecting the length of telomeric DNA, resulting in a potent DNA damage response. We further show that telomere injury plays a critical role in the antitumor properties of this compound.
Results

RHPS4 induces damage foci at telomeres.
In order to investigate whether RHPS4 uncaps telomeres, human transformed BJ-EHLT fibroblasts and M14 melanoma cells were exposed to the drug at a concentration of 1 μM, a dose causing apoptosis when cells are chronically exposed to the drug for 4 days ( Figure 1A and ref. 27 ). Strikingly, 3-8 hours of treatment was enough to induce a strong phosphorylation of H2AX, a hallmark of DNA double-strand break response in both transformed and tumor cells (Figures 1, B and C), indicating that RHPS4 is a DNA damage inducer. Notably, H2AX was never phosphorylated in primary culture of normal and telomerized fibroblasts (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI32461DS1), even at long exposure time or when exposed up to a 5-fold higher RHPS4 dose (data not shown). Consistent with these results, the growth of these cells was not affected by the drug (Supplemental Figure 1) .
To ascertain whether γ-H2AX was phosphorylated in response to dysfunctional telomeres, double immunofluorescence experiments were performed in BJ-EHLT cells. Confocal microscopy revealed that most of the γ-H2AX foci induced by RHPS4 colocalized with TRF1, a good marker for interphase telomeres (28) , forming the so-called telomere dysfunction-induced foci (TIFs; ref.
3) (Figure 2, A and B) . Scoring of 80 RHPS4-treated cells, and examining 1 focal plane, revealed a mean ± SD of 31 ± 8.5 γ-H2AX foci per nucleus, and of these, more than 70% were largely coincident with TRF1 ( Figure 2B ). These results were confirmed by chromatin immunoprecipitation (ChIP), which showed that anti-γ-H2AX associated to telomeres only in treated cells, demonstrating that RHPS4 induced the phosphorylation of H2AX specifically at telomeric regions ( Figure 2C ). As control, anti-TRF1 antibody precipitated telomeric DNA in both untreated and treated cells, and this enrichment was not observed in the presence of β-actin control antibody. Other DNA damage response factors, such as phosphorylated Rad17 and 53PB1, were also recruited to the telomeres upon RHPS4 exposure ( Figure 2D ), confirming that RHPS4 triggers a genuine DNA damage response at telomeres. Telomere damage caused by RHPS4 appeared to be very potent, since the percentage of cells with more than 4 TIFs approached that measured in cells expressing the dominant-negative TRF2 ΔBΔC allele ( Figure 2E ). Bleomycin, a genotoxic drug that induces doublestrand breaks, did not induce TIFs (Figures 2, A and E), implying that telomeres are specific targets of RHPS4.
The PI3K inhibitor caffeine completely prevented the induction of TIFs by RHPS4, indicating that telomere response closely depends on ATM and/or ataxia telangiectasia and Rad3-related (ATR) kinases ( Figure 3A) . Moreover, RNA interference experiments ( Figure 3B ) revealed that ATR is the kinase involved in the phosphorylation of H2AX (Figure 3 , A and C).
POT1 is rapidly removed from telomeres upon RHPS4 treatment. To determine the cause of telomere uncapping, we investigated the effect of RHPS4 on the localization of TRF2 and POT1, 2 telomeric proteins inducing telomere dysfunction and evoking DNA damage signaling when their levels are reduced at telomeres (18, 19, 23) . Confocal microscopy showed that RHPS4 rapidly delocalized POT1 from TRF1 foci, while TRF2 remained associated to the telomeres early on in RHPS4 treatment ( Figure 4A ). Quantitative analysis revealed that nearly all untreated and treated cells had clearly detectable TRF1/TRF2 foci, while the percentage of nuclei with more than 4 POT1/TRF1 colocalizations was markedly reduced in cells exposed to RHPS4 ( Figure 4B ). Caffeine did not antagonize this effect, indicating that loss of POT1 from telomeres is not the consequence of the damage response but is likely to be a very early event caused by RHPS4 ( Figure 4B ). These findings were confirmed by Western blot analysis using differential salt concentrations upon RHPS4 treatment ( Figure 4C ). Consistent with a specific removal of POT1 from telomeres, TRF2, but not POT1, colocalized with the γ-H2AX foci induced by RHPS4 ( Figure 4 , D and E). Of note, a longer treatment (96 hours) triggered the removal of TRF2 from telomeres and the loss of 3′ overhang (Figure 4 , F and G).
The functional relevance of POT1 and TRF2 dissociation upon RHPS4 treatment was directly revealed by the finding that either POT1 or TRF2 overexpression led to the absence of damage foci ( Figure 5A and Supplemental Figure 2 ). By contrast, overexpression of TRF1 did not interfere with RHPS4-induced damage, the behavior of phosphorylated H2AX being similar in control and TRF1-overexpressing cells ( Figure 5A and Supplemental Figure  2 ). Analysis of cell viability revealed that overexpression of either TRF2 or POT1, in contrast to TRF1, made cells resistant to RHPS4 ( Figure 5 , B and C). Overall, these results show that reinforcement of telomere capping functions by either TRF2 or POT1 counteracts the effects of RHPS4 on telomeres and tumor cells.
RHPS4 induces telomere injuries and apoptosis in xenografted tumors. The above results raise the interesting possibility that telomere damage induced by RHPS4 in malignant cells may rapidly promote growth inhibition and cell death. We therefore evaluated the antitumor activity of RHPS4 on tumors of different histotypes by injecting the maximum tolerated dose (15 mg/kg), chosen on the basis of an acute toxicological study on healthy mice (Supplemental Figure 3) . Moreover, based on plasma pharmacokinetic analysis, we decided to administer the drug daily (Supplemental Figure 3) , and the treatment, given for 15 consecutive days, was not toxic, as revealed by evaluation of mouse fitness, blood counts (Supplemental Figure 4) , and histological analysis of bone marrow (Supplemental Figure 4) and of major organs (data not shown). By treating the animals with 15 mg/kg/d for 15 consecutive days, the most effective administration schedule (Supplemental Figure 5) , we found that RHPS4 is active as a single agent on all the tumors analyzed. Specifically, CG5 breast xenografts resulted in the most sensitive tumor, as the treatment produced a marked inhibition of tumor weight (tumor weight inhibition [TWI] about 80%; P < 0.001) in a very short time, and this effect persisted for at least 30 days ( Figure 6A) . A complete tumor response was observed in 80% of mice, and 40% were cured. In all the other tumor xenografts, RHPS4 treatment produced about 50% (P < 0.001) TWI at the nadir of the effect and, more important, resulted in a delay of tumor growth of about 15 (M14 and PC3) and 10 (HT29 and H460) days.
Consistent with the short-term antitumor effect and in agreement with our previously reported data (27) , no telomere erosion was found in RHPS4-treated compared with untreated tumors at the end of drug administration, when the antitumor effect was already evident ( Figure 6B ). Pharmacodynamic monitoring of effects in M14 melanoma xenograft tissues showed that the antitumor activity of RHPS4 resulted from the activation of apoptosis (apoptotic index [AI]: 9.2% ± 2.2% versus 2.6% ± 1.6%; P = 0.01) and decrease in proliferation (proliferation index [PI]: 82% ± 7.2% versus 37% ± 6.9%; P < 0.0001) as revealed by TUNEL and Ki-67 staining ( Figure 6 , C and D). Untreated tumors showed a high level of γ-H2AX regardless of treatment ( Figure 6G ), a phenomenon already described for other tumors (29, 30) . Importantly, RHPS4 markedly increased the percentage of γ-H2AX-positive cells (30% ± 6.5% versus 80% ± 10.3%; P < 0.01), as well as the immunostaining intensity of the positive cells ( Figure 6H ). Consistent with these results, RHPS4 significantly induced the presence of atypical mitotic figures, which are indicative of telomere dysfunction (atypical mitotic index [AMI]: 0.60 ± 0.08 versus 0.25 ± 0.11; P < 0.0001). Moreover, anaphase/telophase bridges were also seen in tumors after treatment with RHPS4 (data not shown).
Next, we investigated whether telomere damage is responsible for the antitumor activity of the drug by testing the effect of telomeric proteins. Overexpression of TRF2, POT1, and TRF1 was maintained during the in vivo tumor growth (Figure 7 , B-G), and the analysis of antitumor activity demonstrated that RHPS4 was effective to the same extent on control and TRF1-overexpressing xenografts (TWI about 50%), while both TRF2-and POT1-overexpressing tumors were completely resistant to the treatment ( Figure 7A ). Moreover, no significant increase in the percentage of apoptosis or reduction of proliferation was found in the TRF2-or POT1-overexpressing tumors ( Figure 7H ). More interestingly, RHPS4 induced H2AX phosphorylation in TRF1-overexpressing tumors to the same extent as in controls, while a low reactivity of γ-H2AX antibody was found in TRF2 or POT1 xenografts, regardless of treatment ( Figure 7I ). These data indicate that RHPS4 does not induce damage in vivo when POT1 and TRF2 are overexpressed. Moreover, compared with untreated specimens, TRF2-and POT1-overexpressing tumors did not shown an increase in atypical mitotic figures (Figure 7J) , demonstrating a functional link between damage and antitumor effect of RHPS4. 
Discussion
G4 ligands were initially designed to counteract telomerase action at telomeres. Surprisingly, their antiproliferative effects can occur in telomerase-negative cells, and their kinetics cannot be explained merely by telomere shortening, suggesting that these compounds affect other pathways not necessarily related to telomere biology (31) . The main conclusion of this work is that cancer cells treated with the G4 ligand RHPS4 undergo a unique type of telomere damage that is responsible for the antitumor effects of the drug. These findings reveal the telomere-specific effects of RHPS4 and validate telomeres as promising targets for future anticancer therapies.
The immediate response to RHPS4 combines a potent DNA damage response at telomeres and POT1 removal. These results are in agreement with a recent study showing that an ectopically expressed POT1 protein is delocalized from telomere upon treatment with telomestatin, another G4 ligand (32) . Importantly, the RHPS4 effects do not correlate with any obvious change in the length of telomeric DNA and of 3′ overhang. The RHPS4-induced H2AX phosphorylation is ATM independent and ATR dependent. This points to a telomere damage response distinct from the one elicited by TRF2 inhibition, which is mainly ATM dependent (3). Indeed, we were unable to detect any sign of TRF2 removal at the time of appearance of this damage response, and TRF2 still colocalized with the telomeres. By contrast, POT1 did not colocalize with RHPS4-induced damaged telomeres, suggesting a causal relationship between the loss of POT1 and the RHPS4-induced telomere injury. The rapid removal of POT1 induced by RHPS4 is likely to result at least in part from the inability of this protein to bind G4 structures (33) , which, indeed, are stabilized by the drug. One might also speculate that RHPS4 alters other telomeric components involved in the recruitment of POT1 at telomeres (22) . In agreement with the latter possibility, the high level of the telomere damage induced by RHPS4, which is similar to that triggered by the expression of a dominant-negative allele of TRF2, does not recapitulate the reported phenotype of POT1 depletion (23, 34) . In any case, POT1 removal and/or the telomere dysfunctions leading to POT1 removal are likely to be involved in the telomere damage provoked by the drug.
During prolonged treatment of the cells, when they became committed to cell death, TRF2 disappeared from telomeres, and the length of the 3′ overhang was reduced. These results are consistent with the hypothesis that TRF2 removal is only a secondary consequence of RHPS4 treatment, perhaps related to apoptosis. They are in agreement with previous findings showing that telomestatin, another G4 ligand, delocalizes TRF2 (35) .
Molecules binding to the telomeric G4 structures can also display potent activity against other G4s, such as c-myc promoter (36) . A broad view of the gene expression profile in untreated and treated cells demonstrated that RHPS4 does not modify the transcriptional signature of cells (Supplemental Figure 6) , including the expression of c-myc (27) . These results together with the demonstration that cells overexpressing either POT1 or TRF2 become resistant to RHPS4 suggest that telomere is the main target of RHPS4, even if we cannot exclude that RHPS4-induced damage could extend beyond the telomeric regions. In particular, it is tempting to speculate that G4 DNA is perceived as damage because it prevents t-loop formation and/or blocks the progression of the replication fork through telomeric DNA. The ATR dependency of the RHPS4 telomere response is in agreement with the latter possibility, since this kinase is the major transducer of replication stress (37) . TRF2 overexpression might counteract the deleterious effects of the stabilization of G4 DNA by RHPS4 through several means, including the formation of t-loop that would mask the 3′ overhang against RHPS4 binding (11); the recruitment and stimulation of RecQ helicases, which are expected to resolve G4 DNA or other DNA structures induced by the stabilization of G4 during telomere replication or recombination (38) (39) (40) (41) (42) ; and favoring binding of POT1 at telomeres (43) . Similarly, an excess of POT1 might trap the G-tail in an unfolded form (33) and/or stabilize the t-loop-associated D-loop (44) .
Interestingly in view of the clinical application, RHPS4 does not induce telomere damage in normal and telomerized human fibroblasts, which are unaffected by the treatment, suggesting that this agent would preferentially kill cancer cells. Moreover, consistent with these results, RHPS4 is effective on tumor cells of different histotype, but not in nonmalignant cells of the same tissue type (data not shown). The lack of telomere damage in normal cells correlates with the inability of RHPS4 to induce POT1 and TRF2 delocalization (Supplemental Figure 7) . The RHPS4 resistance of normal and telomerized cells does not seem to be caused by a general inability to respond to DNA damage, since activation of H2AX is triggered by the DNA-damaging agent bleomycin and upon expression of TRF2 ΔBΔC (Supplemental Figure 1) . The selective effect of RHPS4 on transformed and cancer cells could result from a checkpoint failure in the transformed cells that would allow the accumulation of deleterious damage. In fact, the very early appearance of telomere damage and the subsequent detrimental effects on cell viability suggest that cells have to be chronically exposed to the drug to accumulate enough lethal damages. Moreover, while it is difficult to imagine how telomeres differ between normal and tumor cells, the slow growth of normal versus the rapid proliferation of tumor cells may be involved in the RHPS4 selectivity. However, since highly proliferating human peripheral blood lymphocytes are resistant to the drug (data not shown) at the dose that is toxic to transformed cells, we can conclude that the growth rate is not the main cause of RHPS4 tumor selectivity. Therefore, we cannot exclude the possibility that the protein composition at the telomeres differs, thus providing normal cells with a higher degree of telomere stability. This opens the door to an interesting situation in light of future clinical development of this new class of antitumor agents.
Our work goes one important step further, by demonstrating in xenograft models that RHPS4 is active on tumors of different histotype, without any sign of toxicity. The observation that RHPS4 has a high therapeutic index in xenografts has to be taken with cau-
Figure 8
Model for the short-and long-term effects of RHPS4. G4 stabilization by RHPS4 can induce short-term telomere damage and release of POT1. Overexpression of either TRF2 or POT1 can prevent G4 formation, for example, by favoring t-loop formation or G4 unwinding, and render cells resistant to RHPS4-induced damage. RHPS4 can also induce long-term effects through telomerase inhibition and consequent telomere shortening.
tion considering the different length and structure of telomeres in mice and humans. However, the lack of toxicity in mice should not depend on differences in telomere structure, since RHPS4 does not affect the normal haematological compartment of mice (see Supplemental Figure 4 ). We also found that the anticancer effects of RHPS4 are associated with telomere dysfunction and are antagonized in tumors overexpressing either TRF2 or POT1. These results clearly demonstrate that telomere damage is the cause of antitumor effect and define a strong correlation between the occurrence of telomeric DNA damage foci and the antitumor effect. Overall, these data are consistent with a model whereby RHPS4 exerts specific antitumor effects by disrupting telomere chromatin rather than by provoking telomeric DNA erosion. Our results seem to be in contradiction to previously published data demonstrating that telomere length of tumor xenografts influences the response to growth inhibition by RHPS4 (26) . This discrepancy might depend on differences in the drug administration.
A number of G4-interactive compounds have been previously employed in xenografted tumors, but their antitumor activity is revealed generally only after a chronic administration for several weeks. By contrast, the in vivo activity of RHPS4, reported here, appears very rapid in all the tumors employed. Although the antitumor effect of this compound does not suggest a clinical application in monotherapy, the short-term reduction in tumor growth observed after only few days of treatment indicates that further studies aimed at evaluating RHPS4 in combination therapy are warranted.
In conclusion, the data reported in this article provide mechanistic insights into the short-term effect of RHPS4 and evidence that, in addition to its telomerase-inhibitory properties, this drug exerts an anticancer effect by altering telomeric chromatin ( Figure  8 ). They also validate telomeres as potential therapeutic targets and identify TRF2 and POT1 as compelling targets for anticancer drugs, suggesting that the combined use of G4 ligands, such as RHPS4, and TRF2-or POT1-inhibitory molecules may have a synergistic effect on tumor response, offering new opportunities for cancer therapy.
Methods
Cells and culture conditions. Transformed BJ fibroblasts expressing hTERT and SV40 early region (BJ-EHLT) were maintained as previously described (20) . Human M14 melanoma, CG5 breast carcinoma, and HT29 colon carcinoma lines were previously described (45) (46) (47) . Human non-small cell lung carcinoma and PC3 prostate cancer cells were obtained from ATCC and maintained in RPMI-1640 supplemented with 10% FCS, 2 mM l-glutamine and antibiotics (Invitrogen).
Cells were transfected with epitope-tagged Flag-hPOT1 (48), Flag-hTRF1, and Myc-hTRF2 (4) Antibodies. The following antibodies were used: mAb and polyclonal antibody (pAb) anti-γ-H2AX (Upstate), pAb anti-pRad17 (Cell Signaling Technology), mAb anti-TRF2 (Imgenex), pAb anti-53BP1 (Novus Biologicals), mAb anti-TRF1 (Abcam), pAb anti-mPOT1 (the antibody, generated by us cross-reacts with human POT1); pAb anti-hPOT1 (generated and validated for its specificity by Western blotting and immunofluorescence; generated by us); pAb anti-H2A (Upstate); mAb anti-Ki-67 (clone MIB-1; Dako); mAb anti-Flag M2 (Sigma-Aldrich); mAb anti-ATM (a generous gift from D. Delia, Istituto Nazionale Tumori, Milan, Italy); mAb anti-ATR (Abcam) and anti-HSP72/73 (Calbiochem).
In vitro treatments. RHPS4 was synthesized as described previously (49) . The drug, used at a concentration of 1 μM for various times, was added to the cells 24 hours after plating. Cell counts (Coulter Counter; Kontron Instruments) and viability (trypan blue dye exclusion) were determined in each experiment. Caffeine (Sigma-Aldrich) at 10 mM, a dose with no toxic effect on cell viability, was left in the medium for 24 hours. Bleomycin (Aventis Pharma S.p.A) was used at a concentration of 30 mM for 30 minutes.
Immunofluorescence. Cells were fixed in 2% formaldehyde and permeabilized in 0.25% Triton X-100 in PBS for 5 minutes at room temperature. For immunolabeling experiments, cells were incubated with the primary antibody, then washed and incubated with the secondary antibody. Nuclei were visualized using DAPI or Hoechst (Sigma-Aldrich). Fluorescence signals were analyzed either in stained samples recorded using a CCD camera (Zeiss) and IAS2000/H1 software (Delta Sistemi) or in confocal vertical (x-z) sections (interval: 0.5 mm) captured with a Zeiss Confocal Laser Scanning Microscope.
ChIP. Formaldehyde-cross-linked chromatin fragments were immunoprecipitated with mAb anti-γ-H2AX (Upstate). mAb anti-β-actin and mAb anti-H3 were used as negative and positive controls, respectively, for the ChIP assay. After precipitation with each antibody, the precipitants were blotted onto Hybond-N membrane (Amersham), and telomeric repeat sequences were detected with a TeloTAGGG probe. A nonspecific probe (Alu) was also used. To verify that an equivalent amount of chromatin was used in the immunoprecipitates, samples representing the 0.1%, 0.01%, and 0.001% of the total chromatin (input) were included in the teloblot. The filter was exposed to a PhosphorImager screen (Bio-Rad), and the signals were measured using ImageQuant software (Quality One; Bio-Rad).
Clonogenic assay. Cells were seeded in 60-mm Petri dishes (Nunc) at a density of 2 × 10 5 cells per dish and exposed to RHPS4 for 4 days. Cell colony-forming ability was determined as previously described (50) . All the experiments were repeated 4 times in triplicate.
Western blotting. Western blot on total extracts was performed as previously reported (50) . To obtain the nucleoplasmic fractions, cells were resuspended in cell lysis buffer (5 mM PIPES pH 8, 85 mM KCl, 0.5% NP40, 1 mM DTT, and protease inhibitors). After 10 minutes of incubation on ice, cells were homogenized with a glass Dounce, and cell homogenates were centrifuged at 5,000 g for 5 minutes at 4°C. Nuclei were resuspended in buffer prepared with various concentrations of KCl (150, 300, and 450 mM) in lysis buffer (20 mM HEPES-KOH pH 7.5, 25% glycerol, 0.1 mM EDTA, 5 mM MgClB2B, 0.25% NP40, 1 mM DTT, and protease inhibitors). After 10 minutes of incubation on ice, the nuclear suspension was centrifuged at 14,000 g for 10 minutes at 4°C. Thirty micrograms of the resulting supernatant, containing the nucleoplasmic fraction, was separated by SDS-PAGE and used for immunoblot analysis.
In vivo treatment. CD-1 male nude (nu/nu) mice, 6-8 weeks old and weighing 22-24 g, were purchased from Charles River Laboratories. All procedures involving animals and their care were approved by the ethical committee of the Regina Elena Cancer Institute. Each experimental group included 10 mice.
To evaluate the antitumor efficacy of RHPS4, mice were implanted intramuscularly with the tumor cells at 2 × 10 6 (H460), 3 × 10 6 (CG5 and HT29), and 5 × 10 6 (PC3 and M14) cells/mouse. In these experimental conditions, a tumor mass of about 300 mg was evident in all the animals at day 6 after cell injection. Mice received the maximum tolerated dose (15 mg/kg) i.v. for 15 consecutive days. As control, tumor-bearing mice were treated with saline solution (vehicle). The tumor weights were measured by caliper. Percent TWI was calculated as [1 -(mean tumor weight of treated mice / mean tumor weight of untreated mice)] × 100. Tumor growth delay was evaluated by comparing the median times for treated and untreated tumors, respectively, to achieve equivalent size.
Telomere assays. Terminal restriction fragment determination was performed as previously reported (50) . To measure telomeric overhang, 5 μg of DNA were digested with 20 U of Hinf1 and resuspended in hybridization buffer (50 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 mM EDTA) and mixed with [CCCTAA]B4 probe end-labeled with [γ-32 P]ATP (6,000 Ci/mmol; Amersham) and T4 polynucleotide kinase. After incubation for 16 hours at 50°C in a PerkinElmer thermocycler, samples were size fractionated on 0.8% agarose gel. As control for the 3′ overhang assay, DNA was also incubated overnight at 37°C with 50 U of Exonuclease I (New England BioLabs). The gel was dried on Whatman DE-81 paper at 50°C and exposed to a PhosphorImager screen. Signals were measured using ImageQuant software by integration of the entire lane. Subsequently, the paper was removed and the gel was denatured in 0.5 M NaOH, 1.5 M NaCl for 30 minutes; neutralized in 0.5 M Tris-HCl pH 7.5, 3 M NaCl for 20 minutes; and hybridized with the same [CCCTAA]B4 probe in Church mix (0.5 M Na2HPO4 pH 7.2, 1 mM EDTA, 7% SDS, 0.1% BSA) overnight at 55°C. The gel was washed 3 times in 4× SSC for 30 minutes at room temperature and once with 4× SSC, 0.1% SDS at 50°C and exposed to a PhosphorImager screen.
Immunohistochemical analyses. In situ detection of apoptosis in formalinfixed, paraffin-embedded tumor tissues was performed by TUNEL assay (Enzo, Dako), as previous reported (51) . PI, activation of damage response, and expression of telomeric proteins were determined immunohistochemically on formalin-fixed, paraffin-embedded tumor sections (4 different experiments). Antigen retrieval was achieved by pretreating dewaxed sections in a microwave oven at 750 W for 5 minutes in citrate buffer (pH 6) and then processing them with a Super Sensitive Link-Label Detection System (BioGenex). The enzymatic activity was developed using 3-amino-9-ethylcarbazole (Dako) as a chromogenic substrate. Following counterstaining with Mayer hematoxylin, slides were mounted in aqueous mounting medium (Glycergel; Dako). PI was determined by counting positive nuclei in 8 high-power fields (magnification, ×400) per section. Negative controls consisted of parallel sections in which the primary antibody was omitted.
In addition, H&E-stained sections were prepared. Slides were observed by 2 independent observers with no knowledge of the experimental protocol.
Statistics. The experiments were repeated 3-5 times, and the results are presented as mean ± SD. Significant changes were assessed using 2-tailed Student's t test for unpaired data, and P values of less than 0.05 were considered significant. To determine the significant differences between group means in an ANOVA setting (PI, AI, AMI), the Bonferroni test was used. Differences were considered statistically significant when P was less than 0.05.
